A DNase protection technique is described and applied to the interaction of three lac control proteins with supercoiled lac DNA. The technique uses end-labeled oligonucleotide primers to probe specific DNA regions as an alternative to protocols requiring restriction endonuclease cleavage or blotting. Thus DNA may be probed with high resolution in its native state. It is demonstrated that the introduction of supercoiling into DNA accelerates the rate of lac ps promoter binding by RNA polymerase but does not alter the positions at which polymerase, cAMP-binding protein, or lac repressor bind to lac DNA.
There is accumulating evidence that higher-order DNA structure is important for the regulation of expression of many genes. DNA supercoiling has been implicated as being important in both prokaryotes and eukaryotes (1, 2) . Alterations in chromatin structure also appear to be an integral part of gene activation in eukaryotes (3) . However, detailed knowledge of the manner of interaction of regulatory proteins with supercoiled or chromatin templates has been difficult to obtain. This is because most high-resolution probe experiments require cleavage with restriction enzymes, a procedure that destroys the native structure. Techniques that do not involve restriction cleavage generally yield data of lower resolution.
Various reagents have been used to probe DNA bound by regulatory proteins. These include chemicals and drugs (4, 5) , light (6) , and nucleases (7) . The protocols have technical limitations that have hindered high-resolution characterization of DNA-protein complexes under conditions approximating closely those inside cells. They require the use of DNA cleaved with restriction enzymes to allow introduction of a specific end-label and also require proteins to be of sufficient purity such that the end-label is not removed by contaminating enzyme activities. Alternatively, one can perform the DNA cleavage on intact DNA and then attempt to purify and end-label a small nicked restriction fragment containing the region of interest (6) .
Below, a technique is described that does not require the use of any restriction enzymes or the purification of DNA fragments. It yields information that is of quality comparable to that of the best current procedures, and it can be applied to natural, supercoiled, DNA templates. Since ase, heparin was then added to 20 /ug/ml and the incubation was continued for 2-3 min prior to addition of DNase and processing as described above.
RESULTS
The rationale of the technique is diagrammed in Fig. 1 . Supercoiled plasmid DNA containing the region to be characterized is lightly digested with DNase I. This creates a collection of fragments with relatively random 5' and 3' termini. The DNA is deproteinized, denatured, and incubated briefly with a synthetic 32P-end-labeled DNA primer oligonucleotide that hybridizes to a unique location near a small target site. In the example shown in Fig. 1 , two commercially available pBR322 primers can be used to probe the two strands of the inserted cloned lac operon DNA. The primer is extended with Klenow DNA polymerase to copy every hybridized strand to the 5' terminus created by nuclease digestion. Since the only source of radioactivity is the label at the end of the primer, the only radioactive strands are those with the 5' end of the primer and a 3' end corresponding to a cleavage site in the original supercoiled template. If protein covered any of these cleavage sites on the original supercoiled DNA, then cleavage at this position may be altered and show up as a band of altered intensity on a denaturing gel as in a conventional DNase partial protection experiment (7) . Fig. 2 shows the application of this protocol to cloned lac DNA. Lane 2 shows a series of bands resulting from labeled primer 1 (see Fig. 1 2 and 5) . The use of primer 2 (see Fig. 1 ) yields a different but specific pattern of digestion products (lane 8 of Fig. 2 ). This represents the pattern of cleavages on the opposite strand. It is important to note that the same physical DNA sample is being probed in both cases; the sample was simply divided after DNase digestion and incubated separately with each primer. This means that any strand-specific differences observed during this procedure cannot be influenced by the use of different end-labeled fragments for the two strands. 4, and 7) , RNA polymerase (lanes 3, 6, and 9), or none (lanes 2, 5, and 8). Lanes 1-6 were probed with primer 1 and lanes 7-9 were probed with primer 2. REP 1 refers to the lac operator protection and REP 2 corresponds to protection of a secondary repressor binding site. RNAP represents the lac promoter pattern, with an arrowhead pointing in the direction of transcription. The autoradiograph is of 6% acrylamide/50% urea sequencing gels, which were calibrated by running the products of known sequence reactions in adjacent lanes.
Biochemistry: Gralla ii.. diogram. The signal is very strong because the end-labeling of short single-stranded oligonucleotide primers is very efficient. Fig. 2 also shows the alterations in the digestion pattern that occur when lac repressor is bound to linear plasmid DNA prior to digestion with DNase. In the case of repressor there is a region of strong contiguous protection, which can be seen on both strands (Fig. 2, lanes 1 and 7) and covers the same region identified previously (7) using end-labeled DNA (REP 1). The use of probe P1 reveals another strongly protected region in the upstream flanking sequences (REP 2). This protection is very strong when the probe P1 is used (compare lanes 1 and 2) and likely corresponds to an operator-like sequence detected in other experiments (10, 11) . Use of the probe P2 on the very same DNA sample, however, reveals little protection of residues on the opposite strand (compare lanes 7 and 8). Gels which were run longer to expand this region (not shown) consistently show weak protection, and a clear strand preference seems to exist.
DNase protection patterns of RNA polymerase on both strands of lac pS DNA were also obtained (compare lanes 2 with 3 and 7 with 8). As demonstrated previously (7), RNA polymerase interacts with at least 70 base pairs of promoter DNA. On both strands there is very strong protection of the approximately 40-base-pair stretch surrounding the startpoint of transcription. This corresponds to the "protected" fragments obtained in early experiments that used vast excesses of DNase I to digest RNA polymerase-promoter complexes. The upstream 30 base pairs covered by the polymerase include DNase-hypersensitive sites interspersed with regions of weak and strong protection. These results are similar to those obtained on lac UV5 DNA with end-labeled restriction fragments (7)-. 6) . Careful inspection of the results for both strands (only one is shown) reveal no differences in interactions between linear and supercoiled DNA. Supercoiling does not "cure" areas of weak protection nor does it eliminate DNase-hypersensitive sites. The pattern due to CAP binding to supercoiled DNA is shown in Fig. 3 . Again, the protection pattern is similar to that obtained previously with end-labeled restriction fragments (12) .
Since DNA supercoiling can enhance the rate of lac transcription (13, 14) , an experiment was performed to see whether supercoiling enhances the rate at which the lac ps promoter can be bound by RNA polymerases Supercoiled DNA was treated with BamHI restriction enzyme, which linearizes the template by cleavage far from the lac promoter region. Linear and supercoiled DNA were incubated separately with RNA polymerase for a very short time, 30 sec, much shorter than the 12 min used to generate the protection patterns shown in Fig. 2. Fig. 3 shows that after this short time, there is little or no protection when the linear DNA is used (compare lanes 1 and 3), as expected from previous transcription studies (15) . This indicates that RNA polymerase has had insufficient time to bind tightly to the promoter. By contrast, an identical short incubation with supercoiled DNA leads to significant protection from DNase (compare lanes 2 and 3), indicating that supercoiling has allowed polymerase to become promoter bound very rapidly.
The patterns shown in Figs. 2 and 3 also show a strong region of protection by RNA polymerase downstream from the lac promoter. RNA polymerase protection is clearly seen in the region across the junction point of lac and pBR322 DNA (Fig. 3, broken line) . It is known that certain inserts in this position of pBR322 partially restore promoter activity, presumably due to a partial reconstruction of the plasmid tet promoter (16) . Apparently, the reconstructed promoter in this case binds RNA polymerase rapidly, since a strong pro- 
DISCUSSION
These experiments demonstrate a method of probing DNA binding sites that can be applied to native supercoiled DNA. The technique is much faster than previous ones and suffers from no loss of resolution because there is no requirement for blotting. Using this technique, one can begin with small amounts of whole unlabeled plasmid DNA and obtain highquality protection patterns in a single day. Although the application in these experiments was the use of DNase on supercoiled DNA, the general applicability should be much wider. Since the target DNA need not be restricted or labeled, DNA from any source should be amenable to probing. There are only two obvious requirements. First, a primer must be available that hybridizes uniquely near the target sequence. With the current advances in oligonucleotide synthesis, this requirement should be met easily for most or all genes whose sequences are known or that are cloned in a vector of known sequence. Second, a method must be available for lightly digesting the DNA. The use of nucleases is common both in vitro and in isolated nuclei, but nucleases do not penetrate living cells. However, there are various reagents available that probably can cleave DNA inside living cells. Therefore, it should be possible to do ultrarapid footprinting by breaking DNA in vivo, deproteinizing, and probing in vitro with labeled primer. The ability to perform the labeling step after the nuclease digestion step also allows ex-Proc. Natl. Acad ScL USA 82 (1985) periments to be conducted with crude extracts, which normally contain activities that remove the end-label from restriction fragments.
The principal limitation on the sensitivity of the technique is likely to be obtaining sufficient amounts of template DNA for genes that are not cloned or carried by viruses. The signal can be increased by increasing the amount of labeled primer since the hybridization efficiency is quite low. Because the signal is directly proportional to the specific activity of the primer, alternative methods of creating labeled primer should also allow an increase in sensitivity. It is not yet known whether such modifications will ultimately allow probing of binding sites in their native chromosomal locations.
The initial application described here provides DNase protection patterns of regulatory proteins interacting with supercoiled DNA. Supercoiling was shown to shorten the time required for lac pS promoter binding, in agreement with the reported stimulation of lac pS transcription in vitro (14) . The lac pS promoter is extremely sensitive to supercoiling, with the transcription rate on relaxed DNA being only 2-3% of that attainable on fully supercoiled templates. Other promoters probably differ in their sensitivity to supercoiling, and a likely example of this is revealed by the experiment shown in Fig. 3 . Note the clear indication of polymerase bound to the promoter fortuitously reconstructed across the lac-pBR322 junction (broken line, lane 1). Protection of this sequence is very strong after only 30 sec on linear DNA. In the same lane one can see that the lac pS promoter is not significantly bound on the very same DNA. This reconstructed sequence thus does not require supercoiling for rapid polymerase binding. It is curious, however, that this reconstructed promoter is rather weak in vivo (9) . It might, in fact, represent a promoter that is inhibited by the supercoiling present in vivo, since the protection does seem slightly weaker on supercoiled DNA after a 30-sec binding time (Fig. 3, lane 2) .
The patterns of lac repressor-DNA complexes reveal protection outside the lac operator of an approximately 28-basepair segment centered near -78. The protection is quite specific but asymmetric on the two strands (Fig. 2, REP 2 ). This result is consistent with previous reports of an operator-like element in this general region (10, 11) . These sequences have very significant homology to the central, essential, region of the lac operator located 90 base pairs downstream. The homology consists of two perfect matches of 7-base-pair and 5-base-pair segments separated by the same number of base pairs in the authentic and pseudo-operators. This secondary site was not detected in the original operator-protected-fragment experiments (17) . An explanation for this apparent discrepancy may be that one of the two DNA strands is only weakly protected, even though the site is fully occupied at moderate repressor concentrations (Fig. 2) .
It is interesting to note that this minor operator (02) overlaps somewhat with a minor promoter (P2) also present in the lac region that initiates transcription in vitro approximately 22 base pairs upstream from the normal start site (13, 18, 19) . Since operator (20) and promoter (4) mutations lie within the P1/01 operator/promoter and demonstrably interfere with repressor (21) or RNA polymerase (15) functions at these sites, a physiological role of the alternate P2/02 system seems unlikely. However, since a repressor molecule at 02 could in principle act to repress transcription from P2, these alternative elements might represent an ancestral regulated lac control system. This may have been replaced eventually by the current P1/01 apparatus, which has the advantage of being subject to further fine tuning by the catabolitecontrol apparatus.
These results, taken together with previous experiments, reveal an extraordinary packing of protein binding sites within the lac operon control region. Within a 100-base-pair region there are six sites, two each for RNA polymerase and lac repressor as discussed above (7, 12, 18 , this work) and two for CAP, including a very weak site within the lac operator (12) . Although this may represent solely current and ancestral regulatory systems, it may also reflect the possibility that regulatory proteins in general recognize common core DNA sequences and thus have some affinity for heterologous elements. The trinucleotide T-G-T appears nine times in the 100-base-pair region and could be such a common element. In fact, the consensus recognition sequences for CAP [5'-A-A-N-T-G-T-G-A-3', in which N represents a nonspecified nucleotide (22) ] and the RNA polymerase -35 region (5'-T-G-T-C-A-A-3', bottom strand) have T-G-T-N-A in common. It would be interesting to learn whether these two proteins and certain repressors have evolved to recognize modified forms of the T-G-T sequence motif.
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